Search of novel two-dimensional giant Rashba semiconductors is a crucial step in the development of the forthcoming nano-spintronics technology. Using first-principle calculations, we study a stable two-dimensional crystal phase of BiSb having buckled honeycomb lattice geometry, which is yet unexplored. The phonon, room temperature molecular dynamics and elastic constant calculations verify the dynamical and mechanical stability of the monolayer at 0 K and at room temperature. The calcu- 
Introduction
Discovery of new materials having large spin-orbit coupling (SOC) is very crucial in the rapidly burgeoning field of spintronics. In spintronics, we exploit the spin-orbit interaction present in materials to tune their electronic properties. The spin-orbit interaction originates due to the relativistic motion of electrons and acts as an effective built-in magnetic field in non-magnetic materials, which functions similar to the external magnetic field in the celebrated quantum Hall effect.
1,2 Electrons with opposite spins feel opposite magnetic field in their rest frame and this field couples to their magnetic moment. Nevertheless, the net effects do not cancel out but yield a new quantum phenomenon called Rashba effect. 3 The
Rashba effect appears in systems with broken inversion-symmetry and causes lift in the spin degeneracy of electronic bands. Initially, the Rashba effect was believed to arise at the surfaces and interfaces due to the asymmetry of the confinement potential. However, recent works reveal that the Rashba effect can also be realized in bulk semiconductors.
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The strength of the Rashba effect can be quantized by three key parameters: Rashba energy (E R ), Rashba momentum (k o ) and Rashba constant (α R ). Materials with large Rashba energy and Rashba constant provide us more opportunities to tune the spintronics properties. Experiments report the presence of 2D Rashba spin-splitting in InAlAs/InGaAs 11 and LaAlO 3 /SrTiO 3 12,13 interfaces. However, the magnitude of the Rashba constant (α R )
is not large in the mentioned interfaces (α R = 0.07 eVÅ for InAlAs/InGaAs 11 and α R = 0.01 − 0.05 eVÅ for LaAlO 3 /SrTiO 3 oxide interface 12, 13 ). Currently, surfaces of heavy metals such as Au, Bi, Ir and BiAg(111) alloys are known to exhibit large Rashba spin-splitting.
The magnitude of α R in Au(111), 14 Bi(111), 15 Ir(111) 16 and BiAg(111) 17 surfaces is 0.33, 0.55, 1.3 and 3.05 eVÅ, respectively. Even though these surfaces inherit large Rashba spin-
splitting, yet they cannot be used in many spintronics device applications due to the presence of the (semi)metallic surface states. In particular, there is still no stable 2D semiconductor having large Rashba effect which is suitable for spin field-effect transistor applications.
In addition to the spintronics applications, the 2D semiconductors inheriting large Rashba 
Computational Details
Density Functional Theory (DFT) based first-principle calculations were carried out using the projector augmented-wave (PAW) method as implemented in the VASP code. 26, 27 We used the PBE exchange-correlation functional as parametrized by Perdew-Burke-Ernzerhof. 28 The SOC was employed by a second-variation method implemented in the VASP code. We considered fifteen valence electrons of Bi (5d 10 6s 2 6p 3 ) and five valence electrons of Sb (5s 2 5p 3 )
in the PAW pseudo-potential. The lattice parameters of the monolayer were optimized until the Hellmann-Feynman residual forces were less than 10 −4 eV/Å per atom. For convergence of the electronic self-consistent calculations, a total energy difference criterion was defined as 10 −8 eV. We used 650 eV as kinetic energy cutoff of the plane wave basis set and a Γ-type 10 × 10 × 1 k-point mesh was employed to optimize the lattice parameters and the self-energy. The phonon calculations were performed for a 4 × 4 × 1 supercell using 
Results and discussion
Crystal structure and the stability of BiSb monolayer
The bulk BiSb compound is known to exhibit a rhombohedral structure with R3m symmetry in its ground state. 35, 36 In this geometry, the Bi and Sb atoms are stacked along the (111) • . In order to test the energetic stability of BiSb monolayers, we calculate the formation energy of a single optimized BiSb monolayer using the following expression:
where, E coh denotes the cohesive energy relative to the free constituent atom and N atom is the total number of atoms in the cell. The calculated formation energy (E f ormation ) of a single BiSb monolayer is −2.23 eV/atom, which is lower than the formation energy of most of the previously synthesized single layer transition-metal dichalcogenides. However, the formation energy of BiSb monolayer is slightly larger than that of other binary V-V monolayer compounds such as PN, AsN, SbN, AsP, SbP and SbAs. 39 Nonetheless, BiSb monolayer forms an energetically stable crystal structure and therefore, it can be synthesized in laboratory.
We test the dynamical stability of the BiSb monolayer by analyzing the phonon spectra. It is worthy to note that the ZA phonon branch exhibits a small imaginary frequency having a 'U'-shape near the Γ-point. This 'U'-shape feature does not correspond to the lattice instability, nevertheless, it is a signature of the flexural acoustic mode present in two-dimensional systems. 40 The flexural acoustic modes are known to play a crucial role in governing the thermal and mechanical properties of two-dimensional systems. Such 'U'-shape feature near the Γ-point has been observed in many other similar two-dimensional systems studied earlier. 39, 41, 42 Thus, our phonon calculations confirm that BiSb monolayers are dynamically stable and therefore, it can exist as a free standing two-dimensional crystals. Furthermore, we notice that the acoustic and optical phonon branches are well separated, indicating good optical response of BiSb monolayer. There is a wide direct frequency gap (∆ω) of 70 cm −1 between the optical and acoustic phonon modes at K-point.
In the photoexcitation experiments and in the solar cell applications, the excitons (photon excited electron-hole pairs) loose most of their energy by exciting the optical phonons. These excited optical phonons further decay into the acoustic phonons which carry the heat away.
Notably, in our case the phonon frequency gap is larger than the frequency of the hardest acoustic phonon mode (50 cm −1 ). This feature significantly avoids the Klemens decay, 43 which indicates the possibility to use such type of materials for the high-efficiency solar cell applications.
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From the application point of view, it is important to check the mechanical stability of any new material. Therefore, we have performed first-principle calculations to determine the elastic constants (C ij ) of BiSb monolayer. The elastic constants were calculated using the stress-strain relations as implemented in the VASP code. 26, 27 We used a dense 21 × 21 × 1 Γ-kmesh to reduce the numerical errors caused by the in-plane strain of the system. The second Piola-Kirchhoff stress method was used to determine the elastic constants in 2D with units of N/m. 45, 46 We find that We further perform the ab-initio MD simulations to assess the thermal stability of BiSb monolayer at room temperature. Fig. 2 shows the mean-square displacement of the Bi and
Sb atoms as a function of the simulation time (in ps). The snapshots of the geometric structure at 300 K obtained at the end of the MD simulation (total time = 7.5 ps) are also given in the insets of Fig. 2 . We see that the mean-square displacement oscillates with an amplitude of about 2% of the total Bi-Sb bond length. Additionally, one can notice that the geometric structures at 0 K ( Fig. 1 ) and at 300 K (insets of Fig. 2 ) are quite similar. This confirms the dynamical stability of BiSb monolayer at the room temperature, suggesting the possible applicability of this system for room temperature device applications.
Electronic structure: the giant 2D Rashba spin-splitting Since DFT is known to underestimate the energy bandgap, we employ the Heyd-ScuseriaErnzerhof (HSE06) hybrid functional to predict a more reasonable energy bandgap. Fig. 3(c) shows the orbital projected DOS calculated using HSE06 approximation (without-SOC) for
BiSb monolayer. We find that the HSE06 bandgap is approximately 1.6 eV which is larger than the DFT (GGA and GGA+SOC) predicted bandgap and lies in the visible range of electromagnetic spectrum. This makes this system of peculiar interest for optoelectronic applications. It is worth mentioning that the HSE06 functional only enhances the bandgap without changing the shape of the electronic bands. Our calculations further indicate that the bands near Fermi-level (E F ) are mainly composed of Bi 6p and Sb 5p orbitals.
Inclusion of SOC results in the spin-splitting of the electronic bands ( Fig. 3(b) ). Remarkably, we notice a Rashba type spin-splitting of CBB near Γ-point, while the VBT remains degenerate (Fig. 3(b, d) ). Also, the direct DFT bandgap at Γ-point decreases to 0.37 eV. To quantitatively determine the strength of the Rashba spin-splitting, we calculate the Rashba parameters as described in Ref. 6 We find that E R = 13 meV, k o = 0.0113 BiSb monolayer is indeed remarkable and therefore, this system can be used to make efficient advanced spin-field effect transistors. 
Effect of in-plane bi-axial strain on the electronic properties
It is very important to study the effect of the bi-axial strain on the electronic properties before we shift our concentration to the BiSb/AlN heterostructure systems. Therefore, we study the strained BiSb monolayers by applying bi-axial strain (x) ranging from −8%
(compression) to +8% (elongation) on the a and b lattice vectors. Fig. 5 shows change in the with-and without-SOC electronic bandstructures with respect to the x = +2% (solid blue lines), −2% (broken magenta line) and −6% (solid orange lines) bi-axial strains. From combinations is 1.7% and 2.15%, respectively. In the present work, we study the BiSb/AlN heterostructure system because this system exhibits minimum lattice mismatch. Fig. 6 shows the BiSb/AlN heterostructures with two possible layer terminations at the interface:
first, Bi-termination ( Fig. 6(a) ) and second Sb-termination (Fig. 6(b) ). The vdW optimized lattice constants for Bi-and Sb-terminated interfaces are 12.541 and 12.536 Å, respectively.
In both cases, the BiSb lattice is being compressed by 1.8% while the AlN lattice is being stretched by 0.5%. The interlayer spacing between AlN and BiSb monolayers is 3.45 Å (3.10 Å) for Bi-terminated (Sb-terminated) interfaces. The presence of larger interlayer spacing for Bi-terminated interface can be ascribed to the fact that Bi-atom has larger covalent radius compared to the Sb-atom.
The calculated formation energies for Bi-and Sb-terminated interfaces are −5.94 and This particular feature has already been investigated for bulk BiSb. 36 We observe that BiSb monolayer exhibits the same behavior upon reversal of the ferroelectric polarization.
The calculated electronic bandstructure and projected DOS of BiSb/AlN heterostructures are shown in Fig. 7 . The top row ( Fig. 7(a) ) shows the electronic bands without-SOC, with-SOC, conduction bands near Γ-point showing Rashba spin-splitting and the projected DOS for Bi-terminated interface, while the bottom row ( Fig. 7(b) ) shows the same but interface. This is due to the fact that Bi has larger SOC compared to the Sb atom. [50] [51] [52] It is noteworthy that the strength of the Rashba spin-splitting is amongst the largest yet known Rashba heterostructure systems.
To further confirm the 2D nature of Rashba spin-splitting, we calculate the spin projected spin-texture in a k x -k y plane centered at the Γ-point. The constant energy (0.15 eV above Fermi-level) contour plots of the spin-texture for Bi-terminated interface are shown in Fig. 8 .
The spin-texture for Sb-terminated interface exhibits similar shape. The circular shape of the spin-textures confirm the purely 2D nature of Rashba spin-splitting of 2DEG at the interface. Furthermore, we observe that only S x and S y spin-components are present in k x -k y plane without presence of any S z component. This indicates that the spin-texture has only in-plane spin-components. These remarkable giant Rashba features make this system suitable for many interesting applications in the spintronics industry. In particular, one can make highly efficient spin field-effect transistors using this system, where we exploit the giant 2D Rashba effect to control the spin-state of 2DEG.
In summary, we have identified a new energetically, dynamical and mechanical stable crystal phase of BiSb monolayer which has buckled honeycomb lattice geometry. 
